Sorting nexins (SNXs) are phosphoinositide-binding proteins implicated in the sorting of various membrane proteins in vitro, but the in vivo functions of them remain largely unknown. We reported previously that SNX10 is a unique member of the SNX family genes in that it has vacuolation activity in cells. We investigate the biological function of SNX10 by loss-of-function assay in this study and demonstrate that SNX10 is required for the formation of primary cilia in cultured cells. In zebrafish, SNX10 is involved in ciliogenesis in the Kupffer's vesicle and essential for left-right patterning of visceral organs. Mechanistically, SNX10 interacts with V-ATPase complex and targets it to the centrosome where ciliogenesis is initiated. Like SNX10, V-ATPase regulates ciliogenesis in vitro and in vivo and does so synergistically with SNX10. We further discover that SNX10 and V-ATPase regulate the ciliary trafficking of Rab8a, which is a critical regulator of ciliary membrane extension. These results identify an SNX10/V-ATPaseregulated vesicular trafficking pathway that is crucial for ciliogenesis, and reveal that SNX10/V-ATPase, through the regulation of cilia formation in various organs, play an essential role during early embryonic development.
Introduction
Cilia are microtubule-based structures present on the cell surface, which play diverse functions during development as well as in physiological conditions [1] [2] [3] . Cilia are either motile or non-motile. Motile cilia such as the respiratory, ependymal or nodal cilia can generate fluid flows across their surfaces, which are required for several developmental and physiological processes. Nonmotile cilia of olfactory receptors or photoreceptors are involved in chemosensation and photosensation, while those of hair cells or kidney epithelia are required for mechanosensation. Furthermore, unspecialized non-motile cilia (primary cilia) are detected on almost all nondividing cells in vertebrates and they play essential roles in cell signaling such as the hedgehog or Wnt pathways [1, 4] . Because of the critical roles of cilia in normal development as well as diseased conditions, the mechanisms of cilia formation are under extensive investigations [5] [6] [7] . Ciliogenesis is tightly coupled to the cell cycle: when a cell is growth arrested, the centrosome migrates to underneath the plasma membrane and forms the basal body where the assembly of axoneme of cilium is initiated. Meanwhile, Golgi-derived vesicles form a sheath surrounding the centriole/basal body. After reaching the cell surface, the sheath fuses with the plasma membrane and forms the ciliary membrane [8, 9] . Vesicular trafficking events are expected to be important for ciliogenesis because ciliary proteins must be transported from the Golgi to the basal body and the elongating ciliary axoneme. Genetic and biochemical studies carried out in C. rein- hardtii and C. elegans have provided many insights into the mechanism of the assembly of the ciliary axoneme via the intraflagellar transport (IFT)-mediated trafficking [9, 10] . Recent studies indicate that other vesicular trafficking events are involved in ciliogenesis as well. For example, Rab8 is a regulator of vesicular trafficking and it mediates the Bardet-Biedl symdrome (BBS) protein complex regulation of ciliogenesis [5, 11] . Fuz, a planar cell polarity effector protein, also regulates vesicular trafficking and ciliogenesis [12] . Furthermore, a recent genome-wide RNAi screen identifies proteins of the endocytic recycling pathway as modulators of ciliogenesis [13] . Despite all the progress, our understanding of the roles of vesicular trafficking during early stages of ciliogenesis remains limited.
Sorting nexins (SNXs) are PX domain-containing proteins involved in diverse intracellular processes such as endocytosis, protein sorting and degradation [14] . SNXs are present in all eukaryotes from yeast to mammals and 33 SNX family genes have been identified from the human genome. The first SNX family member, SNX1, was discovered as an EGF receptor (EGFR)-binding partner required for the lysosomal degradation of EGFR [15] . Similar intracellular functions have been reported for other SNX members ever since [14, 16] . Recently, several studies have been carried out to test the in vivo functions of selected SNX genes in the mouse model. For example, SNX1 and 2 have been knocked out and mice lacking either one of them are viable and fertile. The double knockout mice die at midgestation, which complicates the detailed analysis of the in vivo functions of SNX1 and 2 [17] . SNX13-knockout mice are also embryonic lethal [18] , while SNX27 regulates the postnatal growth and survival in the mouse model [19] . So, despite the initial interests in their roles in signal transduction (mainly on the trafficking of membrane receptors), the biological functions of SNX genes remain largely unknown.
We reported previously that SNX10, when overexpressed, induces the accumulation of large vacuoles in the cytosol [20] . However, the functional implication of this observation is not clear. In this study, we perform the loss-of-function assays in cultured cells as well as the zebrafish model and demonstrate that SNX10 is required for ciliogenesis in vitro and in vivo. We further show that SNX10 binds to V-ATPase and regulates its centrosomal trafficking, which is essential for the trafficking of Rab8a vesicle to the ciliary membrane. These results reveal that the SNX10-and V-ATPase-mediated vesicular trafficking events are crucial for ciliogenesis.
Results

Zebrafish SNX10a regulates ciliogenesis in Kupffer's vesicle and left-right patterning
We first investigated the in vivo function of SNX10 in the zebrafish model. We searched the zebrafish genome with BLAST program and identified two zebrafish SNX10 homologs: dSNX10a (NM_001139462) and dSNX10b (BC154549). We tested their vacuolation activities in cultured Hela cells as described previously [20] . As shown in Figure 1A , overexpression of GFP-tagged dSNX10a induced the accumulation of large vacuoles (2.1 vacuoles/cell, n = 100) while dSNX10b was not active in this assay (0.2 vacuoles/cell, n = 100). This observation suggests that dSNX10a is functionally similar to human SNX10. We then analyzed the embryonic expression pattern of zebrafish SNX10 by in situ hybridization and found that dSNX10a was not spatially restricted during early embryogenesis ( Figure 1B ), while dSNX10b was not detectable during the same period (data not shown). We evaluated the in vivo function of dSNX10a by performing the morpholino-mediated gene knockdown assay. We designed a translational blocking morpholino (10a-AUG) and a splice-blocking morpholino (10a-SP) that effectively induced the deletion of exon 3 from the mature RNA of dSNX10a as detected by RT-PCR and DNA sequencing ( Figure 1C ). The overall morphology of embryos treated with these morpholinos (the morphants) was not severely disrupted ( Figure 1D ), but the process of heart looping was defective in these morphants. In wild-type embryos of day 2, the ventricle of heart is normally located to the right of the atrium (R loop). However, heart looping was randomized in the dSNX10a morphants: it was either normal (R loop), reversed (L loop) or failed to loop ( Figure 1E and 1G). Embryos injected with a standard control morpholino (CTL-MO) or morpholinos to dSNX10b did not cause similar defect ( Figure  1G ). This observation suggests that the left-right patterning process is impaired when dSNX10a is inhibited. To further confirm the left-right defect, we examined the expression pattern of southpaw (spaw, the earliest known asymmetrically expressed gene in zebrafish [21] ). In control morpholino-injected embryos, spaw was asymmetrically expressed in the left lateral plate mesoderm (LPM, 91%, n = 98). When dSNX10a was knocked down, spaw became bilaterally expressed in 37% of the morphants (n = 62, Figure 1F ). Thus, dSNX10a functioned upstream of spaw and could be required in a very early step of leftright patterning in zebrafish. Previous studies demonstrate that the Kupffer's vesicle (KV) is a structure essential for left-right patterning in zebrafish [22] . The beating of motile monocilia on the epithelium of KV generates a directional fluid flow, which is a very early asymmetrical signal in the left-right patterning cascade [23] . We tested whether dSNX10a was required for ciliogenesis in KV. In 10-somite stage control embryos, the average number of cilia in KV was 55 ± 8 (from 8 embryos) with the average length of 4.2 ± 0.7 µm. In 10a-SP morphants, the number of cilia per KV was reduced to 32 ± 7 (from seven embryos, P = 0.006). The average length of cilia appeared not affected (4.3 ± 0.7 µm) ( Figure 1H ). Taken together, these results demonstrated that dSNX10a was required for ciliogenesis in KV and left-right patterning in zebrafish.
SNX10 regulates ciliogenesis in cultured cells
We further investigated the role of SNX10 in ciliogenesis in a cell culture system. We first determined the subcellular distribution of SNX10 in the RCC10/VHL, a cell line derived from human renal carcinoma in which ciliogenesis can be easily induced by serum starvation [24] . Rab11 is a marker for pericentriolar recycling endosomes [25] and we found that SNX10 vesicles were detectable at the nearby region ( Figure 2A) . Similarly, when pericentriolar/centriole markers such as PCM-1, Ninein and Pericentrin were examined, we found that a fraction of SNX10 was always present around these markers (Figure 2A) . When cells are serum starved, the centrosome moves to the plasma membrane where it becomes a basal body and initiates ciliogenesis. Under this condition, SNX10 was detectable around the base of the cilia ( Figure  2A ). The pericentriolar localization of SNX10 strongly suggests that it is involved in cilium formation. We tested this possibility by examining whether downregulation of SNX10 impaired ciliogenesis or not. We designed three independent siRNAs targeting SNX10 and all of them induced more than 80% inhibition of SNX10 at the mRNA level as determined by real-time RT-PCR ( Figure 2C ). A siRNA to Rab8a was used as the positive control. The RCC10/VHL cells were first treated with these siRNAs then serum starved to induce ciliogenesis. As shown in Figure 2B and 2D, 49% of the control siRNA (siCTL)-treated cells formed cilia 24 h after serum deprivation. In SNX10 siRNAs-treated cells, the ratio of ciliogenesis was reduced to 54% (si10-1), 70% (si10-2) or 34% (si10-3) of the control (siCTL) (data represent mean ± SD from at least three independent assays, P < 0.002 for all siRNAs to SNX10 when compared to the siCTL). Taken together, these results clearly demonstrated that SNX10 was required for cilia formation in vitro.
SNX10 interacts with V-ATPase
During our investigation of the mechanism of SNX10-induced vacuolation, we found that V-ATPase was indispensible for this process. V-ATPase (vacuolar-type H + -ATPase) is an ATP-driven proton pump that can induce the acidification of organelles and it is required for processes such as pH sensing, membrane trafficking and protein degradation [26, 27] . V-ATPase is composed of a V1 sector (contains A, B, C, D, E, F, G and H subunits) that carries out ATP hydrolysis and a Vo sector (contains a, d, e, c, c′ and c″ subunits) that is responsible for the proton pump activity. We found that the inhibition of V-ATPase blocked the accumulation of large vacuoles induced by overexpression of SNX10. As shown in Figure 3A , SNX10-GFP induced the formation of 10.0 ± 3.3 vacuoles per cell (n = 115). However, when cells were pretreated with siRNAs to the Vod1 subunit of V-ATPase, the number of vacuoles per cell was reduced to 3.7 ± 1.8 (n = 90, P < 0.001). Treatment of cells with the V-ATPase inhibitor bafilomycin A1 also strongly inhibited the SNX10-induced vacuoles (1.1 ± 0.9 vacuoles per cell, n = 97, P < 0.001). The requirement of V-ATPase in the SNX10-induced vacuole formation suggests that it might co-localize with SNX10 in these vacuoles. As shown in Figure 3B , either the Vod1 or the V1D subunit of VATPase co-localized with SNX10. The distribution of V-ATPase was more restricted since there were SNX10 vesicles that were negative for V-ATPase. We next tested whether V-ATPase directly interacted with SNX10. We screened various subunits of the V-ATPase complex and found that the V1D subunit co-immunoprecipitated with SNX10. As shown in Figure 3C , when co-expressed in 293T cells, Flag-GFP-tagged V1D was able to pull down HA-tagged SNX10 (left panel) and vice versa (middle panel). We further mapped the protein domain in SNX10 that was critical for the co-immunoprecipitation with V1D. The PX domain of SNX10 alone (aa 8-125) was able to pull down V1D as efficiently as the full-length SNX10 while the C-terminal domain (CD, aa 126-202) was not required for this interaction (middle panel). SNX16, another PX domain protein, did not co-immunoprecipitate with V1D and this observation suggested that the interaction between SNX10 and V-ATPase was specific. The V1A or V1C subunit of V-ATPase did not bind to SNX10, furthermore, when they were co-expressed with the V1D, SNX10 only pulled down the V1D, but not the V1A or V1C (right panel).
V-ATPase regulates ciliogenesis in cultured cells
We then investigated whether V-ATPase was involved in the SNX10 regulation of ciliogenesis. We first determined the subcellular distribution of V-ATPase. When transfected into the RCC10/VHL cell, a fraction of GFP-tagged V1D co-localized with the centrosomerelated markers such as PCM-1 and Pericentrin ( Figure  4A ). Furthermore, under the condition when cilia were induced, V1D was detected at the base of cilia ( effect on ciliogenesis. As shown in Figure 4B , all three siRNAs induced more than 80% inhibition of V1D at the mRNA level as assayed by real-time RT-PCR. When cells were treated with these siRNAs, the ratio of cilia formation was significantly reduced ( Figure 4C , P < 0.01 when compared to the siCTL in all cases). We concluded that, similar to the SNX10, V-ATPase was required for ciliogenesis in vitro.
V-ATPase regulates ciliogenesis in multiple organs in zebrafish
We investigated whether V-ATPase regulated ciliogenesis in zebrafish. V-ATPase was broadly distributed during early embryogenesis as detected by in situ hybridization with a probe to the Vod1 subunit of V-ATPase ( Figure 5A ). We designed translational blocking and splice-blocking morpholinos to both the Vod1 and V1D subunits of V-ATPase. Injection of embryos with these morpholinos consistently resulted in the hypopigmentation phenotype as reported [28] (Figure 5B ), confirming the efficacies of these morpholinos. The heart looping was randomized in the Vod1 morphants ( Figure 5C ), consistent with a previous report that inhibition of VATPase by chemical inhibitors induces left-right patterning defects in zebrafish [29] . We further found that SNX10 and V-ATPase functioned synergistically during left-right patterning: co-treatment of embryos with morpholinos (10a-SP and Vod1-AUG), at dosage that did not disrupt heart looping individually, effectively induced heart-looping defect ( Figure 5C fect in the morphants was the formation of pronephric cysts ( Figure 5D ), a phenotype usually associated with cilia defect in the pronephric duct [30, 31] . We evaluated the formation of cilia in multiple organs in V-ATPase morphants. As shown in Figure 5E , the ciliogenesis in KV was severely disrupted when V-ATPase was knocked down. The average number of cilia in KV was reduced to 27 ± 5 in Vod1 morphants (from 14 embryos) or 28 ± 3 in V1D morphants (from six embryos). The cilia in the pronephric duct of V-ATPase morphants were disrupted as well. These cilia in control embryos were well organized while those in Vod1 morphants were disorganized and reduced in numbers ( Figure 5F ). We further found that V-ATPase regulated the formation of kinocilia in hair cells. Hair cells are ciliated sensory neurons present in the inner ear and lateral line neuromasts of zebrafish [32, 33] . In V-ATPase morphants, neuromasts appeared normal (DAPI staining in Figure 5G ), however, the kinocilia of hair cells were totally absent in these morphants.
Taken together, these results demonstrated that V-ATPase regulated ciliogenesis in vivo.
SNX10 regulates the centrosomal distribution of V-ATPase
We observed that disruption of SNX10 and V-ATPase induced similar left-right patterning defects and they synergistically regulated ciliogenesis. These observations suggested that they functioned in the same genetic pathway. We further demonstrated that SNX10 co-immunoprecipitated with V-ATPase (Figure 3 ). Since SNX family proteins are well characterized for their roles in regulating vesicular trafficking, we hypothesized that SNX10 might regulate the subcellular trafficking of VATPase. We investigated this possibility in RCC10/VHL cells. GFP-tagged Vod1 or V1D was transfected into cells treated with siRNAs to SNX10 or a siCTL and the Knockdown of Vod1 by morpholino impairs the pigmentation in the trunk but not the retina. Similar defect is observed in V1D morphants (data not shown). (C) Morpholino knockdown of Vod1 causes heart-looping defect similar to that in SNX10a morphants. Furthermore, Vod1 and SNX10 function synergistically in the left-right patterning of heart. 10a-SP at 1.0 ng/embryo or Vod1-AUG at 0.75 ng/embryo alone cannot effectively induce heart-looping defect, however, the combination of them is sufficient to disrupt the heart-looping process. npg subcellular distribution of V-ATPase was evaluated. As shown in Figure 6A and 6B, a fraction of Vod1-containing vesicle co-localized with Pericentrin in 86% of the control cells. In cells pre-treated with siRNAs to SNX10, the centrosomal localization of Vod1 was reduced to 57% (for si10-1) and 51% (for si10-2), respectively. The reduced centrosomal localization of V-ATPase after siRNA treatment was not due to the decreased protein level of Vod1. First, Vod1 vesicles at other subcellular locations were still detected after the siRNA treatment ( Figure 6A ). We also demonstrated that the protein level of Vod1 was not changed after siRNA treatment as measured by western blot ( Figure 6C) . Furthermore, the mis-localization of V-ATPase was not a result of general failure of vesicular trafficking to the centrosome, because the co-localization of γ-tubulin and Pericentrin was not disrupted by siRNAs to SNX10 ( Figure 6D ). Similar result was obtained when the distribution of V1D was examined ( Figure 6B ). We concluded that the centrosomal trafficking of V-ATPase was dependent on the activity of SNX10.
SNX10 and V-ATPase regulate the ciliary trafficking of Rab8a
Rab8a is a small GTPase involved in vesicular trafficking and it is one of the Rab family proteins that can localize to cilia [11, 34] . Several studies have demonstrated that Rab8a is required for ciliogenesis. For example, siRNA knockdown of Rab8a inhibits ciliogenesis in hTERT-RPE cells [11] and RCC10/VHL cells (Figure 2 ). Rab8 is involved in ciliogenesis in vivo in zebrafish [35] . A GDP-locked variant of Rab8 fails to localize to cilia and prevents ciliogenesis, while the GTP-locked variant of Rab8 promotes the extension of both ciliary membrane and axoneme [5] . It is proposed that the Rab8a-positive vesicles fuse to the outer membrane of cilia that is essential for ciliogenesis. Further studies reveal that the ciliary trafficking of Rab8a is under the regulation of BBS complex [5] , CEP290 [7, 36] and PCM-1 [36] .
Our finding that SNX10 partially co-localized with recycling endosome marker Rab11 (Figure 2A ) prompted us to test whether SNX10 regulated the trafficking of Rab8a vesicles. When tagged Rab8a and SNX10 were transfected into the RCC10/VHL cells, SNX10 vesicles were detectable near the Rab8a around the centrosomal region ( Figure 6E ). This observation suggested that SNX10 might be able to regulate the trafficking of Rab8a vesicles into the ciliary membrane during ciliogenesis. We tested this possibility in a RCC10/VHL cell line stably expressing Rab8a-GFP. When ciliogenesis was induced in the siCTL-treated cells by serum starvation, Rab8a-GFP localized to 43% of the cilia ( Figure 6F and 6G). Consistent with Figure 2 , when cells were pre-treated with siRNAs to SNX10, the percentage of cells with cilia was reduced from 35% to 24%. In the subset of cells that did form cilia, we analyzed the ratio of Rab8a positive cilia and found that it was reduced from 43% (siCTL) to 14% (si10-1) or 5% (si10-2). Similar results were observed when V-ATPase was inhibited by siRNAs ( Figure  6F and 6G) . Under these conditions, the protein level of Rab8a-GFP was not affected by the siRNA treatment ( Figure 6H ). We proposed that the ciliary trafficking of Rab8a became defective when SNX10 or V-ATPase was inhibited. Given its regulatory role during ciliogenesis, Rab8a could, at least in part, mediate the SNX10/V-ATPase regulation of ciliogenesis.
Discussion
SNX family proteins are well characterized for their activities in regulating the endosomal sorting such as endocytosis, recycling of membrane proteins, or trafficking between various endosomes or Golgi apparatus. We reported here that SNX10 was partially distributed in the recycling endosome around the centrosomal region. SNX10 co-immunoprecipitated with V-ATPase and regulated the trafficking of V-ATPase to the centrosome. Furthermore, we showed that SNX10 was able to regulate the ciliary distribution of Rab8a. This observation revealed that SNX10 was able to regulate the intracellular trafficking of vesicles to previous unappreciated organelles such as centrosome or cilia, either directly or indirectly. It will be interesting to test whether other SNX members have similar activities.
V-ATPase pumps protons into vesicles to induce their acidification. V-ATPase-containing vesicles are distributed in diverse intracellular compartments and play critical roles during processes such as endocytosis, exocytosis, protein degradation, etc. The diverse function of V-ATPase is associated with its distinct subcellular distribution. Previous study demonstrates that the a-isoforms of the Vo sector of the V-ATPase complex are critical for the subcellular distribution of V-ATPase [27] . We found that V-ATPase could be targeted to the centrosome where ciliogenesis is initiated in a SNX10-dependent manner. This observation not only revealed new mechanism regarding the intracellular trafficking of V-ATPase, it also implied a novel biological function of V-ATPase. Indeed, we demonstrated that both the V-ATPase and SNX10 were essential for ciliogenesis in cultured cells and in zebrafish embryos.
Cilia are identified in limited cell types in invertebrates, but they are widely distributed in most of the vertebrates. Because of the critical roles of cilia in normal development and diseased conditions, the process . V-ATPase genes are found in all eukaryotes and SNX10 is present in all vertebrate genomes. However, both of them failed to be identified as cilia-related genes in previous studies. One possible explanation is that these genes are not the core components of ciliary structures; instead, they are regulators of vesicular trafficking temporally required for the ciliogenesis process. This is consistent with our observation that SNX10 localized to the early endosome and centrosomal regions but not the mature cilia. SNX10 regulated the subcellular distribution of V-ATPase, which also localized to the centrosome/basal body but not the cilia. We further tested several centrosome/ciliary proteins whose subcellular distributions might be under the control of SNX10 and V-ATPase and found that the ciliary entrance of Rab8a required the activity of SNX10 and V-ATPase. Rab8a is a Rab family small GTPase involved in cilia formation. When ciliogenesis is initiated, Rab8a vesicles leave the centrosome and fuse to the outer membrane of cilia. Previous studies have demonstrated that this process is under the regulation of BBS complex, CEP290 or PCM-1 [5, 7, 36] . Our results implicated that the ciliary trafficking of Rab8a was under the control of a SNX10-mediated vesicular trafficking pathway. It further suggested that vesicular trafficking events other than the well-characterized IFT process also played critical roles during ciliogenesis. In conclusion, our study revealed the in vivo function of SNX10 and V-ATPase, which might provide novel opportunities to further study the mechanism of vertebrate ciliogenesis.
Materials and Methods
Molecular cloning
Molecular cloning was performed according to standard protocols. The SNX10-GFP-flag and SNX10-HA constructs have been described previously [20] . The PX domain (aa ) and the CD domain (aa 126-202) of SNX10 were PCR amplified using the following primers: SNX10 (8-125) forward (ATGGAGGAATTT-GTAAGTGTCTGGGTTCGAG), SNX10 (8-125) reverse (CA-GATGGCTCTGTAAGAAGAGGTGAAGGC), SNX10 (126-202) forward (ATGAATTCAGAAGACATTGAGGCGTGTGTTTC) and SNX10 (126-202) reverse (GGATTCCTGCGGAGCTGT-ATTTACTTTACATCC). The PCR products were cloned into the PCR3.1-GFP-flag vector. cDNAs for zebrafsh SNX10a and SNX10b were amplified by PCR with the following primers and cloned into the PCR3.1-GFP-flag vector: dSNX10a forward (ATG-GATAACACAAGCTTTGAGAAAAGGGAG), dSNX10a reverse (TATAACTGAATGGCCATGAGGCGATGAAGA) dSNX10b forward (ATGCAGGAATTTCACTGGCGTTTG) and dSNX10b reverse (CTCTGATTCACATTGCACACATTG). The ORFs of Vod1, V1D, V1A and V1C subunits of human V-ATPase were amplified from 293T cDNA and cloned into either the PCR3.1-GFP-flag or the PCR3.1-HA vector. Constructs for the GFP-tagged human Rab8a and Rab11 were constructed by inserting their ORFs into the PCR3.1-nGFP vector. GFP-Rab8a was subcloned into the pRLenti vector for making the stable cell line. All constructs were confirmed by DNA sequencing and detailed information is available upon request.
Cell culture, transfection and siRNA treatment
293T cells were cultured in DMEM (high glucose) supplemented with 10% FBS and transfection was performed using PEI reagent (polyethylenimine 1 mg/ml, Sigma) [37] . RCC10/VHL cells and Hela cells were cultured in RPMI1640/10% FBS at 37 °C with 5% CO 2 . For vacuolation test, SNX10-GFP was transfected into Hela cells pre-treated with siRNAs to V-ATPase or a control siRNA using the Lipofectamine 2000 reagent according to the manufacturer's protocol (Invitrogen). For drug treatment, Bafilomycin A1 (10 nM, Sigma) was added to cells 8 h after transfection. Cells were analyzed 18 h after transfection as described [20] .
Ciliogenesis was induced in RCC10/VHL cells by serum starvation. Briefly, cells were grown to confluence, washed three times with serum-free media then starved in serum-free PRMI1640 media for 24 h to induce ciliogenesis. DNA transfections in RCC10/VHL cells were performed using the Fugene HD transfection reagent (Roche). For transfections in 24-well plate, 1 µg of plasmids in 100 µl Opti-MEM were mixed with 4 µl Fugene reagent. The mixture was incubated at RT for 15 min then added to cells (5 × 10 5 ) suspended in 500 µl RPMI1640/10% FBS. After incubation at RT for 30 min, the mixture was plated into 24-well plate and cultured overnight. Stable RCC10/VHL cell line expressing GFP-Rab8a was generated by lentiviral infection using pRLenti-GFP-Rab8a [38] . siRNAs to SNX10 and V1D were designed and synthesized by Ribobio. The target sequences were as follows: siSNX10-1 (GTAATGCGTTGCTG-GTACA), siSNX10-2 (CACAAGTTTGCCTTAATGA), siSNX10-3(CGAAGAAGATATAGAGAAT), siV1D-1 (GAAGAGTTC-TATAGGTTAA), siV1D-2 (CGACAGATCCTAAAGAAGA) and siV1D-3(GGATGAAGCTATTAAGATA). sipGL4 (GATCAT-GAGCGGCTACGTT) was used as the negative control and siRab8a (CCATAGGAATTGACTTTAA) used as the positive control. siRNAs (final concentration of 50 nM) were transfected into cells using the Lipofectamine RNAiMAX transfection reagent (Invitrogen) according to the manufacturer's protocol. The efficiency of siRNAs was determined by real-time RT-PCR 48 h after transfection.
Zebrafish maintenance and morpholino injection
Zebrafish was maintained as previously described [39] and the TU line was used in this study. Morpholino antisense oligonucleotides to SNX10a, SNX10b, Vod1 and V1D genes were purchased from Gene-Tools: MO-SNX10a-AUG (TCTCAAAGCTTGTGT-TATCCATCTC, 4 ng/embryo), MO-SNX10a-SP (GCAACGAG-GATACTGCACTCACGTG, 2 ng/embryo), MO-SNX10b-AUG (AAACGCCAGTGAATTCCTGCATAAG, 4 ng/embryo), MO- SNX10b-SP (GTGGTTATTCAGACACTTACGCTTC, 2 ng/embryo), MO-ATP6VoD1-AUG (GAAAGGCATGGTGAAAAAT-TGGTCT, 1.5 ng/embryo), MO-ATP6VoD1-SP (AGGTCTGAA-GAGCAAATTATGTAAC, 6 ng/embryo), MO-ATP6V1D-AUG (GTCGATCCGCTCTTTTCCCGACATC, 4 ng/embryo) and MO-ATP6V1D-SP (CTGAGCCCTGAAGAGACAAAACCAG, 2 ng/embryo). The standard control morpholino (CCTCTTACCT-CAGTTACAATTTATA, 4 ng/embryo) was used as the injection control. Morpholinos were injected at 1-cell stage and the treated embryos were fixed at the indicated stages for in situ hybridization [39] or whole mount immunofluorescence staining.
Immunofluorescence staining
Cells grown on glass coverslips were fixed in 4% paraformaldehyde/PBS for 30 min, washed with 2 mg/ml glycine in PBS for 5 min and permeabilized in 0.2% Triton X-100/PBS for 15 min. After two brief washes in PBS, cells were blocked in 10% FBS/ PBS for 1 h at RT then incubated in the primary antibody either overnight at 4 °C or for 2 h at RT. After four washes with 1% BSA/0.05% Tween-20/PBS and three washes with PBS, cells were incubated in Alex 488-, 568-or 647-conjugated goat anti-mouse IgG or goat anti-rabbit IgG (Molecular Probe, 1:200) secondary antibody for 1 h. Cells were then washed four times with 1% BSA/0.05% Tween-20/PBS and three times with PBS, counterstained with DAPI for 3 min (Sigma) and mounted. Primary antibodies used include rabbit anti-Ninein (Abcam, 1:100), rabbit antiPericentrin (Abcam, 1:100), mouse anti-γ-tubulin (Abcam, 1:100), mouse anti-acetylated α-tubulin (Sigma, 1:200), mouse anti-flag (Sigma, 1:100) and mouse anti-HA (Beyotime, 1:100).
For whole-mount immunofluorescence staining, embryos at the designated stages were fixed in 4% paraformaldehyde/PBS. After several washes with PBS, embryos were treated with proteinase K at 37 °C (10 µg/ml for 10 min for 1-day-old embryos, 25 µg/ml for 10 min for 2-day-old embryos and 50 µg/ml for 7 min for 3-dayold embryos). Embryos were fixed again with 4% PFA/PBS for 20 min. After several washes with PBS, embryos were blocked in 2% FBS/PBS and incubated with mouse anti-acetylated tubulin (Sigma, 1:200) for 3 h at RT. After several washes with 1% BSA/0.05% Tween-20/PBS, embryos were incubated with Alexa Fluor 488-or 568-conjugated goat anti-mouse antibody (Invitrogen, 1:1 000) for 2 h at RT. Embryos were washed several times and counterstained with DAPI for 3 min. The images were acquired using the Leica TCS-SP2 Spectral Confocal System and manipulated in Adobe Photoshop. If comparisons were to be made between images, photos were taken with identical conditions and manipulated equally.
Co-immunoprecipitation and western blot
293T cells in 60 mm plate were transfected with the indicated combination of plasmids using the PEI reagent. After 36 h, cells were harvested and lysed in 600 µl of TNE buffer (20 mM TrisHCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5 mM EDTA) containing 1 mM PMSF (Sigma) and 1% protease inhibitor cocktail (Roche). The cell lysates were centrifuged at 12 000 rpm at 4 °C for 5 min and the supernatants were incubated with resins conjugated to the anti-flag antibody (Sigma) at 4 °C for 4 h to overnight. After the incubation, the resins were washed with TNE for 10 times and then eluted with 0.5 mg/ml flag peptide (Sigma) in TNE. The eluants were cleared by centrifugation and the supernatants were boiled in SDS sample buffer. Samples were separated by SDS-PAGE and transferred to PVDF membrane (Millipore) by electrophoresis. Western blot was performed using the standard protocol. The primary antibodies used were mouse anti-flag (Sigma, 1:5 000) and mouse anti-HA (Beyotime, 1:1 000).
